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Decreased Dendritic Spine Density on Prefrontal
Cortical Pyramidal Neurons in Schizophrenia

Leisa A. Glantz, PhD; David A. Lewis, MD

Background: The pathophysiological characteristics of
schizophrenia appear to involve altered synaptic con-
nectivity in the dorsolateral prefrontal cortex. Given the
central role that layer 3 pyramidal neurons play in cor-
ticocortical and thalamocortical connectivity, we hy-
pothesized that the excitatory inputs to these neurons are
altered in subjects with schizophrenia.

Methods: To test this hypothesis, we determined the
density of dendritic spines, markers of excitatory in-
puts, on the basilar dendrites of Golgi-impregnated py-
ramidal neurons in the superficial and deep portions of
layer 3 in the dorsolateral prefrontal cortex (area 46) and
in layer 3 of the primary visual cortex (area 17) of 15
schizophrenic subjects, 15 normal control subjects, and
15 nonschizophrenic subjects with a psychiatric illness
(referred to as psychiatric subjects).

Results: There was a significant effect of diagnosis on
spine density only for deep layer 3 pyramidal neurons

in area 46 (P = .0006). In the schizophrenic subjects,
spine density on these neurons was decreased by 23%
and 16% compared with the normal control (P = .004)
and psychiatric (P =.08) subjects, respectively. In con-
trast, spine density on neurons in superficial layer 3 in
area 46 (P =.09) or in area 17 (P =.08) did not signifi-
cantly differ across the 3 subject groups. Furthermore,
spine density on deep layer 3 neurons in area 46 did not
significantly (P = .81) differ between psychiatric sub-
jects treated with antipsychotic agents and normal con-
trols.

Conclusion: This region- and disease-specific decrease
in dendritic spine density on dorsolateral prefrontal cor-
tex layer 3 pyramidal cells is consistent with the hypoth-
esis that the number of cortical and/or thalamic excit-
atory inputs to these neurons is altered in subjects with
schizophrenia.
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HE DORSOLATERAL prefron-

tal cortex (DLPFC) ap-

pears to be a critical site of

dysfunction in subjects

with schizophrenia. For ex-
ample, schizophrenic subjects perform
poorly on cognitive tasks that are sub-
served by DLPFC circuitry,* and this per-
formance deficit is correlated with dimin-
ished activation of the DLPFC.*?

See also page 74

The results of structural imaging stud-
ies*® suggest that DLPFC dysfunction in
subjects with schizophrenia may be re-
lated to a decreased volume of this brain re-
gion. Findings of increased cell packing den-
sity,”!! without a change in neuronal
number,'*1 suggest that this volume re-
duction may be due to a decreased amount
of DLPFC neuropil in subjects with schizo-
phrenia.'* Because the axon terminals and
dendritic spines of the neuropil represent
the major anatomical substrate for syn-
apses, these findings suggest the presence
of abnormalities in DLPFC connectivity in
subjects with schizophrenia.

Consistent with this interpretation,
magnetic resonance spectroscopic stud-

ies”!® have found decreased levels of N-
acetylaspartate, a putative marker of neu-
ronal and/or axonal integrity, in the
DLPFC of schizophrenic subjects. Re-
ports'®*! of decreased phosphomonoes-
ters, increased phosphodiesters, or both
in the DLPFC of schizophrenic subjects
have also been interpreted to reflect an in-
creased breakdown of membrane phos-
pholipids and, consequently, a decreased
number of synapses.” Finally, levels of syn-
aptophysin, a presynaptic terminal pro-
tein, are decreased in the DLPFC of schizo-
phrenic subjects.?>*° Although other
interpretations are possible, each of these
findings supports the hypothesis that
DLPEC synaptic number is diminished in
subjects with schizophrenia.
Understanding the pathophysiologi-
cal significance of such alterations re-
quires knowledge of the types of syn-
apses that are affected and of their
postsynaptic targets. Several findings sug-
gest that schizophrenia may be associ-
ated with abnormalities in the excitatory
inputs to layer 3 pyramidal neurons in the
DLPFC. For example, the basilar den-
dritic spines of pyramidal cells in deep
layer 3 are likely targets of projections from
the mediodorsal thalamic nucleus,?”*® and
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SUBJECTS AND METHODS

SUBJECT CHARACTERISTICS

Specimens from 45 human brains were obtained during au-
topsies conducted at the Allegheny County Coroner’s Of-
fice, Pittsburgh, Pa (Table 1). Informed consent for brain
donation was obtained from the next of kin. Neuropatho-
logical abnormalities were detected in 6 subjects. Subject
517 had a vascular malformation and hemorrhage con-
fined to the right temporal lobe, and subject 622 had an
acute infarction limited to the distribution of the right middle
cerebral artery. However, the cortical regions of interest for
the present study were not affected in either subject. In 4
subjects (subjects 532, 564, 609, and 632), thioflavine S
staining revealed a few senile plaques without any neuro-
fibrillary tangles. The density of plaques was insufficient
to meet the diagnostic criteria for Alzheimer disease,*” and
there was no history of dementia in any subject.

Fifteen subjects with a diagnosis of schizophrenia or schi-
zoaffective disorder were compared with 15 normal control
subjects and 15 nonschizophrenic subjects with a psychiat-
ricillness (referred to as psychiatric subjects) (Table 1). For
each subject, an independent committee of experienced cli-
nicians made consensus DSM-III-R*® diagnoses using infor-
mation obtained from clinical records and structured inter-
views conducted with surviving relatives of the subject.” One
of the normal controls (subject 370) was later found to have
adiagnosis of alcohol abuse, currentat the time of death. Thir-
teen of the subjects in the psychiatric comparison group had
amood disorder, and 2 had other psychotic disorders. All of
the schizophrenic subjects had a history of treatment with an-
tipsychoticagents, and 9 of the psychiatric subjects had been
treated with these medications. All procedures were approved
by the Institutional Review Board for Biomedical Research at
the University of Pittsburgh, Pittsburgh, Pa.

Subject groups did not differ significantly in sex, race,
age, postmortem interval (PMI), tissue fixation time, or in-
cidence of out-of-hospital deaths (Table 2). In addition,
the schizophrenic and psychiatric subjects did not differ
on the incidence of alcohol or other substance use disor-
ders, mean age at onset of illness, or mean duration of ill-
ness. However, the number of deaths by suicide was sig-
nificantly higher in the psychiatric subjects (Table 2).

PREPARATION OF TISSUE

From the left hemisphere of each brain, tissue blocks were
cut from standardized locations in the DLPFC and primary
visual cortex, immersed in 4% paraformaldehyde for longer
than 4 weeks, and then processed by a previously described
modification® of the rapid Golgi procedure.* Sections were
cut at 90 pm and mounted onto coded slides so that inves-
tigators were not aware of subject number or diagnosis.
Area 46 of the DLPFC and area 17, primary visual cor-
tex, were examined in this study. Area 17 was not available
for 2 schizophrenic subjects (subjects 410 and 622) and 1
psychiatric subject (subject 637). Nissl-stained sections from
tissue blocks immediately adjacent to those used for the Golgi
procedure were examined to confirm that the Golgi mate-
rial contained the cytoarchitectural features of areas 46 or
17.°# The Nissl-stained sections were also used to deter-
mine the borders of layer 3 as a percentage of total cortical
thickness. In area 46, the layer 2 to 3 border was located on
average (SD) 18.2% (£3.4%) and 20.8% (£2.8%) of the dis-
tance from the pial surface to the white matter for the schizo-
phrenic and control subjects, respectively, and the layer 3
to 4 border was located at 53.6% (+3.1%) and 56.8% (+1.2%)
of the total cortical thickness in these 2 subject groups, re-
spectively. These findings are consistent with previous re-
ports''# that the relative thicknesses of cortical layers are
similar in schizophrenic and control subjects. Conse-
quently, Golgi-impregnated neurons located between 20%

the number of neurons in this nucleus appears to be de-
creased in subjects with schizophrenia.?*! In addition,
excitatory inputs to layer 3 pyramidal cells decline
substantially in number during late adolescence,**>* the
typical age when the clinical features of schizophrenia
become manifest.

Consequently, the purpose of this study was to test
the hypothesis that schizophrenia is associated with a di-
minished complement of excitatory synapses onto DLPFC
layer 3 pyramidal neurons. Because dendritic spines are
the principal site of excitatory inputs to pyramidal neu-
rons,* and reflect the number of these synapses,®® we
quantified dendritic spine density on the basilar den-
drites of layer 3 pyramidal neurons in schizophrenic sub-
jects and 2 groups of comparison subjects.

—

SPINE DENSITY ON LAYER
3 PYRAMIDAL NEURONS

The Golgi impregnation procedure clearly filled the basi-
lar dendritic shafts and spines of layer 3 pyramidal neu-

rons. As shown in Figure 2, differences in spine den-
sity among neurons and across brains were sometimes
quite evident.

In DLPFC area 46 (Table 3), the mean spine den-
sity on the basilar dendrites of pyramidal neurons in su-
perficial layer 3 of the schizophrenic subjects was 15%
lower than that of the normal controls and 13% lower
than that of the psychiatric subjects (Figure 3, A). How-
ever, these differences did not achieve statistical signifi-
cance (F,3;=2.52, P =.09).

In contrast, the spine density on the basilar den-
drites of pyramidal neurons in deep layer 3 of area 46
did significantly differ (F,;; = 6.01, P = .006) among the
3 subject groups (Table 3). There was also a main effect
for age (F;;; = 8.49, P = .000) on spine density, but re-
analysis failed to reveal a significant age-by-diagnosis in-
teraction (F,3¢ = 1.87, P = .17). In addition, there was no
effect of race, sex, PMI, or tissue fixation time (F, 5,<<0.86,
P >.47) on spine density.

As shown in Figure 3, B, the mean spine density on
pyramidal neurons in deep layer 3 was 23% lower (95%
confidence interval, -42.3% to —-6.7%) in the schizo-
phrenic subjects than in the normal controls, a differ-
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and 55% of the distance from the pial surface to the white
matter in area 46 were considered to be located in layer 3.
In Golgi-processed sections containing area 17, a dark band
demarcated layer 4.* Therefore, sampled neurons were lo-
cated superficially to this band or within 20% to 45% of
the distance from the pial surface to the white matter.

NEURON RECONSTRUCTIONS

Golgi-impregnated pyramidal neurons were readily iden-
tified by their characteristic triangular somal shape, apical
dendrite extending toward the pial surface, and numerous
dendritic spines. The following criteria were used to se-
lect pyramidal neurons for reconstruction: (1) location of
the cell soma in layer 3 and within the middle of the thick-
ness (z-axis) of the section; (2) full impregnation of the neu-
ron; (3) soma or dendrites not obscured by overlying opaque
artifacts larger than 5 pm; (4) no morphologic changes at-
tributable to PMI*; and (5) presence of at least 3 primary
basilar dendritic shafts, each of which branched at least once.
For each subject, 15 neurons were randomly sampled in
each of 3 locations: (1) the superficial half of layer 3 (20%-
37% of the total cortical depth) in area 46, (2) the deep half
of layer 3 (38%-55% of the total cortical depth) in area 46,
and (3) layer 3 of area 17. The adequacy of these sampling
procedures for detecting differences in spine density has
been previously demonstrated.??*#

For each neuron, the longest basilar dendrite, includ-
ing all branches, was reconstructed in 3 dimensions with
a tracing system (Neuron Tracing System; Eutectics Elec-
tronics Inc, Raleigh, NC) and a X100 oil immersion ob-
jective (Figure 1). Only those portions of the dendritic
tree within the same section as the cell soma were recon-
structed. Because apical dendrites are frequently trun-
cated during sectioning, these dendrites were not exam-
ined. Each dendritic branch was recorded as having either
anatural end (gradual tapering of dendritic thickness with

an end swelling, spine, or spine cluster) or an artificial end
(cut dendrite).* For each basilar dendrite and its branches,
the mean diameter and total length, the location and num-
ber of spines, the total number of dendritic segments (the
portion of a dendrite located between either the soma or a
dendritic bifurcation and either another bifurcation or the
dendrite end), and the maximum branch order (highest
numbered dendritic segment) of the dendrites were deter-
mined. The cross-sectional area of each cell body was de-
termined by tracing its outline. All neurons were recon-
structed by the same investigator (L.A.G.) without
knowledge of the subject number or diagnostic group.

STATISTICAL ANALYSES

For each parameter measured, the results were analyzed
using a multivariate analysis of covariance model with the
independent variables of diagnostic group, sex, age, race,
PMI, and tissue fixation time. The multiple observations
per subject (15 neurons) for a particular parameter were
treated as a multivariate observation. Because the mea-
sured parameters within a given subject were possibly cor-
related and were also exchangeable, they were modeled as
repeated measures with a compound, symmetric covari-
ance structure. To preserve degrees of freedom, the inter-
actions with diagnostic group were only examined if the
effect of a particular independent variable was significant
(P<.05). For any neuron parameter in which the multi-
variate analysis of covariance test yielded a significant di-
agnostic group effect at the .05 level, post hoc simulta-
neous pairwise comparisons using the Bonferroni procedure
at the .05 level were conducted to determine which of the
groups’ means differed significantly. Simultaneous 95% con-
fidence intervals were also obtained for each pairwise com-
parison of diagnostic groups. Finally, paired t tests were
used to compare spine density across layers within sub-
ject groups.

ence significant at P = .004 by post hoc comparisons. Fur-
thermore, although spine density did not differ (¢t = 0.52,
P = .61) between superficial and deep layer 3 pyramidal
neurons in the normal controls (Table 3), spine density
was significantly (t = 3.65, P = .003) decreased by 11%
in deep layer 3 relative to superficial layer 3 in the sub-
jects with schizophrenia. These comparisons confirm a
laminar specificity to the spine density differences be-
tween schizophrenic and normal control subjects.

Compared with the psychiatric subjects, the mean
spine density on deep layer 3 pyramidal neurons in the
schizophrenic subjects was decreased by 16%. Al-
though this difference did not achieve statistical signifi-
cance (P = .08), the 95% confidence interval (-35.8% to
4.4%) was suggestive of a reduction in spine density in
the schizophrenic subjects compared with the psychiat-
ric subjects. In contrast, the mean spine density clearly
did not differ (P = .81) between the psychiatric and con-
trol subjects.

In contrast to area 40, the spine density on layer 3
pyramidal neurons in area 17 (Figure 3, C), primary vi-
sual cortex, was decreased in the schizophrenic (13%)
and psychiatric (11%) subjects relative to the normal con-

trols (Table 4). However, these differences did not
achieve statistical significance (F,34 =2.70, P = .08).

OTHER PARAMETERS OF LAYER 3
PYRAMIDAL NEURONS

In superficial layer 3 of area 46, only somal size signifi-
cantly (F,5; = 3.84, P = .03) differed among the 3 groups,
and post hoc comparisons revealed that this difference
was due to a smaller somal size in the psychiatric sub-
jects compared with the normal controls (Table 3). In
deep layer 3 of area 46, only total dendritic length (TDL)
differed significantly (F,;; = 4.17, P = .02) among the 3
groups. Post hoc comparisons revealed that the normal
control group had a significantly (P<<.05) greater TDL
than the schizophrenic and psychiatric groups, which did
not differ from each other. Interestingly, an analysis of
covariance for spine density, controlling for TDL, in the
schizophrenic and control groups revealed that the group
difference in spine density on deep layer 3 pyramidal neu-
rons was more highly significant (F, ,; = 15.2, P<<.001)
than that indicated by the initial analysis. In layer 3
of the primary visual cortex, TDL (F,34 = 4.11, P = .03),
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Table 1. Characteristics of Control, Schizophrenic, and Psychiatric Subjects®
Control Subjects Schizophrenic Subjects
ISuhier:t No./ Cause ISuhiect No./ Duration of Cause I
Sex/Age,y Race PMI, h of Death Sex/Age,y Race Diagnosis PMI, h  lliness, y of Death
370/M/25P W 5:3 Trauma 398/F/41 W Schizoaffective disorder 10.3 20 Pulmonary
embolism
390/F/72 w 11.0 ASCVD 410/M/30 B Schizophrenia, chronic 21.0 NA Sickle-cell crisis
paranoia’
471/M/44 W 8.5 Hypertrophic 428/F/67 W Schizoaffective disorder® 9.0 30 COPD
cardiomyopathy
510/M/63 W 12.4 Gl tract bleeding 450/M/48 B Schizophrenia, chronic 22.0 24 Suicide by jumping
undifferentiated®on
516/M/20 B 14.0 Homicide by gun 466/M/48 B Schizophrenia, chronic 19.0 NA ASCVD
shot undifferentiated
545/M/65 B 13.1 Pancreatic cancer 517/F/48 W Schizophrenia, chronic 3.7 20 Intracerebral
disorganized' hemorrhage
546/F/37 W 23.5 ASCVD 533/M/40 W Schizophrenia, chronic 29.1 15 Accidental
undifferentiated asphyxiation
551/M/61 W 16.4 Cardiac tamponade 537/F/37 W Schizoaffective disorder? 14.5 8 Suicide by hanging
557/M/47 W 15.9 ASCVD 559/F/61 W Schizoaffective disorder’ 16.8 20 ASCVD
567/F/46 W 15.0 Mitral valve 566/M/63 W Schizophrenia, chronic 18.3 20 ASCVD
prolapse undifferentiated®
568/F/60 W 9.5 ASCVD 581/M/46 W Schizophrenia, chronic 28.1 30 Accidental
paranoia®’ combined drug
overdose
575/F/55 B 11.3 ASCVD 587/F/38 B Schizophrenia, chronic 17.8 20 Myocardial
undifferentiated® hypertrophy
592/M/41 B 221 ASCVD 597/F/46 W Schizoaffective disorder 10.1 25 Pneumonia
609/F/77 W 10.7 ASCVD 617/F/44 B Schizophrenia, chronic 3.3 21 Amitriptyline
undifferentiated hydrochloride
toxicity
643/M/50 W 24.0 ASCVD 622/M/58 W Schizophrenia, chronic 16.0 16 Right MCA
undifferentiated? infarction

aPMI indicates postmortem interval; NA, data not available; ASCVD, atherosclerotic coronary vascular disease; COPD, chronic obstructive pulmonary disease; Gl,

gastrointestinal; and MCA, middle cerebral artery.
bAlcohol abuse, current at time of death.
¢ Other substance abuse, current at the time of death.
¢ Subjects not taking antipsychotic medications at the time of death.
¢Alcohol abuse, in remission at the time of death.
"Alcohol dependence, current at the time of death.
9Alcohol dependence, in remission at the time of death.
hOther substance dependence, in remission at the time of death.
'Other substance dependence, current at the time of death.
iSubjects treated with antipsychotic medications.
Other substance abuse, in remission at the time of death.

number of branch segments (F,3, =4.41, P =.02), and
maximum branch order (F,3, = 4.27, P = .02) differed sig-
nificantly among the diagnostic groups (Table 4). For each
measure, the main effect was due to significantly lower
values in the psychiatric subjects compared with the con-
trol and schizophrenic subjects.

EFFECT OF ANTIPSYCHOTIC MEDICATIONS
ON SPINE DENSITY

To determine whether treatment with antipsychotic medi-
cations might account for the decreased spine density on
DLPFC deep layer 3 pyramidal neurons in the schizo-
phrenic subjects, we conducted a separate analysis of the
9 psychiatric subjects who had been treated with these
medications (Table 1). The mean (+SD) spine density
(measured as number of spines per micrometer) on deep

layer 3 pyramidal neurons in these subjects (0.30 = 0.07)
did not significantly differ from that of either the entire
group of normal controls (0.33 + 0.08, F 15 = 0.47, P = .50)
or a subset of 9 normal controls (0.31 + 0.05, F; 1, = 0.06,
P = .81) who, as a group, did not differ from the anti-
psychotic-treated psychiatric subjects in sex, age, or PMI.

B COVMENT

These findings demonstrate that the density of basilar den-
dritic spines on deep layer 3 pyramidal neurons is sig-
nificantly decreased in DLPFC area 46 of subjects with
schizophrenia. This decrease does not appear to be a gen-
eral correlate of having a psychiatric illness or a conse-
quence of treatment with antipsychotic medications, sug-
gesting that the decrease in spine density may be specific
to the pathophysiological characteristics of schizophre-
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Psychiatric Subjects
I 1
Subject No./ Duration of

Sex/Age, y Race Diagnosis PMI, h Iliness, y Cause of Death

453/M/37 Major depression®® 11.0 NA Suicide by gunshot

475/M/17 W Major depression 23.0 1 Suicide by gunshot

505/M/57 W Major depression’ 12.8 18 Suicide by gunshot

513/M/24 W Major depression with psychotic 13.1 8 Suicide by hanging
features'

532/M/76 W Mood disorder due to general 13.9 0.3 Suicide by jumping
medical condition with psychotic
features’

560/M/46 B Alcohol-induced psychotic disorder®s 10.6 2 Gl bleeding

564/F/56 W Major depression with psychotic 16.6 1 Suicide by hanging
features

565/F/62 W Major depression®h 12.4 14 Suicide by gunshot

580/F/58 W Major depression with psychotic 11.3 34 ASCVD
features’

613/M/59 W Major depression with psychotic 15.6 9 Suicide by gunshot
features®

631/M/45 W Major depression with psychotic 12.1 23 Suicide by thioridazine overdose
features®

632/F/77 W Delusional disorder! 17.4 36 ASCVD

637/M/34 Alcohol-induced mood disorder with 24.7 12 Suicide by chlorpromazine
psychotic features®i* overdose

642/F/40 Bipolar disorder’s 241 14 Acute alcohol intoxication

693/F/42 W Major depression with psychotic 12.6 24 Suicide by propoxyphene
features" hydrochloride overdose

nia. Because dendritic spine density directly reflects the
number of excitatory inputs to pyramidal neurons,*
these findings, in concert with those of a pilot study® that
also reported decreased spine density on prefrontal layer
3 pyramidal neurons, support the hypothesis that schizo-
phrenia is associated with diminished synaptic connec-
tivity of the DLPFC.

In superficial layer 3 of area 46 and in layer 3 of area
17, pyramidal cells exhibited a trend toward decreased
spine density in the schizophrenic subjects compared with
the normal controls. Evidence suggestive of decreased cor-
tical neuropil has been reported in both of these cortical
regions.'® However, in area 17, the psychiatric subjects
also showed a trend toward decreased spine density on
layer 3 pyramidal neurons. In addition, other measures
of dendritic morphologic characteristics (TDL, number
of branch segments, and maximum branch order) ap-
peared to be altered in area 17 of the psychiatric sub-

jects, suggesting that a history of depression or death by
suicide may be associated with altered neuronal mor-
phologic characteristics in the primary visual cortex.
Interpretation of the pathophysiological signifi-
cance of reduced spine density in the DLPFC requires a
consideration of the potential influence of other factors.
First, only a small percentage of neurons are labeled with
the Golgi technique.” However, because the impregna-
tion process is random, the cells reconstructed in this
study are likely to be representative of the neuronal popu-
lations of interest. This interpretation is supported by our
finding of a 9% to 12% decrease in mean somal size of
layer 3 pyramidal neurons in the DLPFC of the schizo-
phrenic subjects. Although these differences were not sig-
nificant, perhaps because of sample size, their magni-
tude is consistent with that of other reports*’* that
measured somal size in much larger samples of Nissl-
stained neurons. Second, because the reaction product
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Figure 1. Reconstruction of a basilar dendrite from a layer 3 pyramidal
neuron in control subject 516. Fourth-order dendritic branches are present.
For each neuron, calculation of dendritic spine density included the total
length of the dendrite shown. The bar indicates 50 ym.

Table 2. Summary of Subject Characteristics™

Subject Group
Characteristic I Control  Schizophrenic Psyu:hiatrit;I Pt
Male-female ratio 9:6 7.8 9:6 71
White-black ratio 11:4 10:5 1441 .20
Age,y 509+16.2 47.7+105 48.7+172 .84
PMI, h 142+55 16177 15448 .73
Fixation time, mo 125+101 10794 82+66 43
Alcohol disordert 1(7) 7(47) 8(53) .59
Other substance disorder 0(0) 2 (13) 5(33) .17
Age at onset, y§ NA 28.6+94 36.7+£183 .23
Duration of illness, y§ NA 20.7+59 140+11.8 .09
Out-of-hospital deaths 13 (87) 11 (73) 14(93) 19
Suicide 0(0) 2(13) 11(73) .005

*Data are given as number (percentage) of subjects or mean + SD. PMI
indicates postmortem interval; NA, data not applicable.

tAnalyses were between all 3 groups for the following variables: sex, race,
age, PMI, fixation time, and out-of-hospital deaths. Analyses were conducted
only between the schizophrenic and psychiatric groups for the following
variables: alcohol disorder, other substance disorder, age at onset, duration of
illness, and suicide.

tAfter the study was initiated, 1 control subject (subject 370) was determined
to meet the criteria for alcohol abuse, current at the time of death.

8§ This information could not be reliably determined for 2 schizophrenic and 2
psychiatric subjects.

of the Golgi impregnation procedure is opaque, some
spines are hidden behind the dendritic shaft and are not
counted. Consequently, the spine densities reported in
this study are relative and not absolute. However, pre-
vious studies* have demonstrated that relative spine
counts accurately reflect absolute numbers if compari-
sons are made between dendrites with similar shaft di-
ameters, and, as shown in Tables 3 and 4, mean den-
dritic diameter did not differ across our subject groups.
Third, the schizophrenic and psychiatric subjects avail-
able for this study were somewhat diagnostically hetero-
geneous. However, the mean (+SD) spine density in DLPFC
deep layer 3 of the subjects with “pure” schizophrenia

Figure 2. Brightfield photomicrographs illustrating Golgi-impregnated basilar
dendrites and spines on dorsolateral prefrontal cortex layer 3 pyramidal neu-
rons from normal control subject 390 (A) and 2 subjects with schizophrenia
(subjects 410 [B] and 466 [C]). The calibration bar equals 10 ym.

(0.25 + 0.06; n = 10) was 23% lower than that of the nor-
mal controls (0.32 = 0.07; n = 14) and of the psychiatric
subjects with major depression (0.33 + 0.04; n = 10).

All of the schizophrenic subjects in this study had
a history of treatment with antipsychotic agents. Stud-
ies addressing the effect of haloperidol on spine density
in the rat prefrontal cortex have been inconclusive, with
spine density reported to be decreased following high-
dose, short-term treatment® but unchanged following
long-term treatment at levels more consistent with clini-
cal practice.” However, 3 lines of evidence suggest that
antipsychotic medications do not account for the de-
creased dendritic spine density observed in the present
study. First, the decrease in spine density exhibited re-
gional and laminar specificity, an effect that is not readily
explained by systemically administered agents. Second,
the 4 schizophrenic subjects (subjects 410, 450, 537, and
622) who were not taking medications (for an average
of 5.4 months) at the time of death actually had a lower
spine density (0.24 + 0.08) in deep layer 3 of area 46 than
did the 11 subjects who were taking medications
(0.26 £ 0.00). Finally, the 9 psychiatric subjects who had
been treated with antipsychotic medications did not dif-
fer in spine density from normal controls. However, the
lifetime exposure to antipsychotic medications is likely
to have been lower in these psychiatric subjects than in
the schizophrenic subjects.

Although decreased spine density represents a mor-
phologic abnormality in the DLPFC of schizophrenic sub-
jects, dendritic spines are relatively plastic structures. For
example, spine number has been reported to change rap-
idly in certain brain regions of experimental animals un-
der various conditions.”*”” Although we cannot com-
pletely exclude the influence of such factors, their impact
may have been minimized by the study design. For ex-
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Table 3. Dendritic Parameters From Layer 3 Pyramidal Neurons in the DLPFC (Area 46)*

Layer 3
I 1
Superficial Deep
1 1
Control Schizophrenic Psychiatric Control Schizophrenic Psychiatric
Dendritic Parameter Subjects Subjects Subjects Subjects Subjects Subjects
Spine density, spines/pmt 0.34 £ 0.09 0.29+0.10 0.33+0.11 0.33£0.10° 0.26 + 0.10° 0.31 + 0.09%°
Somal area, pm?f 355.2 + 143.5° 312.1 £ 127.72> 3004 £111.3° 350.9+121.8 319+126.5 308.9+106.4
Total dendritic length, pm§ 656.1 + 308.9 566.8 + 342.7 547.9 + 308.5 707.7  352.6° 576.6 + 319.8° 557.4 + 303.6°
Dendritic diameter, pm 0.44 +0.09 0.44 £01 0.42 +0.08 0.42 +0.08 0.47 +0.13 0.44 £ 0.08
No. of branch segments 10.8£4.2 104 +£4.8 106+4.7 115+48 10446 11.0+45
Maximum branch order 4410 4311 43+1.1 4611 43+£1.2 4411
No. of natural ends 33x19 33220 3118 32+19 3119 3119
No. of artificial ends 26+19 2417 2.7+20 3.0+£20 2.6+2.0 29=+2.1

*Data are given as the mean = SD. n = 15 for all subjects. DLPFC indicates dorsolateral prefrontal cortex.
tGroup differences are significant in deep layer 3 only (F,3; = 6.01, P =.006). Within this row, values not sharing the same superscript letter are significantly

different (P<<.05) by pairwise post hoc analyses.

tGroup differences are significant in superficial layer 3 only (F,3; = 3.84, P =.03). Within this row, values not sharing the same superscript letter are

significantly different (P<<.05) by pairwise post hoc analyses.

§Group differences are significant in deep layer 3 only (F,s; = 4.17, P =.02). Within this row, values not sharing the same superscript letter are significantly

different (P<.05) by pairwise post hoc analyses.

087 [&] Fp=252, P=.09 Fas7=6.01, P=.006 | [C] Fs4=2.70, P=.08 Table 4. Dendritic Parameters From Layer 3 Pyramidal
— . . Neurons in the Primary Visual Cortex (Area 17)*
EO
% 044 '_ : . . Schizophrenic  Psychiatric
T - HIEERN . . $ . . Dendritic Control Subjects  Subjects Subjects
g | e - i | $ Parameter (n = 15) (n =13) (n = 14)
§ 03 - .:. 0? LU o —o3e— _:n:_ .:- 3 N -
> H . . - . . - s —'§— Spine density, 0.29 +0.08 0.25+0.09 0.26 £ 0.09
502 " * bR SR S spines/ym
< . * . . * : Somal area, ym? 190.9+76.9 1815700 1742 +65.1
= 04 Total dendritic 4493 +227.9° 464.5+325.0° 351.6+178.5°
) length, pmt
Dendritic 0.41+0.11 0.43+0.10 0.40+0.10
¢ s P c s P c s P diameter, im
Subject Group Number of branch 9.3+3.8° 9.1+4.0? 82+3.2°
segmentst
Figure 3. Scatterplots illustrating mean spine densities for 15 pyramidal Maximum branch 41 £1.0° 4.0+1.120 38+09°
neurons per subject in the superficial (A) and deep (B) portions of layer 3 in order§
dorsolateral prefrontal cortex area 46, and in area 17, primary visual cortex No. of natural ends 31+17 30+19 27+16
(C). Horizontal lines indicate group means; C, control subjects; S, . af: et e 20+16 21+19 19+15
schizophrenic subjects; and P, psychiatric subjects. ’ T o T

ample, the comparison with subjects with mood or other
psychotic disorders provides some assessment of the in-
fluence of environmental factors, such as hospitaliza-
tions, medications, and limitations in social and occu-
pational activities, associated with being severely ill with
a psychiatric disorder. In addition, spine density in deep
layer 3 of area 46 was not associated with the duration
ofillness in either the schizophrenic (r = -0.358, P = .20)
or psychiatric (r = -0.009, P = .98) subjects. However, the
plasticity of dendritic spines suggests that the findings
of this study, like many other observations in postmor-
tem studies (alterations in gene expression or neuro-
transmitter receptor number), may not reflect a fixed le-
sion in the DLPFC of schizophrenic subjects.

Because the presynaptic and postsynaptic elements
of axospinous synapses change in parallel,>>>*°%% the de-
creased spine density in schizophrenic subjects is likely
to reflect a diminished number of excitatory synaptic in-
puts to DLPFC layer 3 pyramidal neurons. This inter-
pretation is consistent with previous reports'®!*#2 of de-

*Data are given as the mean + SD.

tGroup differences are significant (F,3, = 4.11, P =.03). Within this row,
values not sharing the same superscript letter are significantly different
(P<.05) by pairwise post hoc analyses.

tGroup differences are significant (F,3, = 4.41, P = .02). Within this row,
values not sharing the same superscript letter are significantly different
(P<.05) by pairwise post hoc analyses.

§Group differences are significant (F,3, = 4.27, P = .02). Within this row,
values not sharing the same superscript letter are significantly different
(P<.05) by pairwise post hoc analyses.

creased synaptophysin protein and neuropil measures in
the DLPFC of schizophrenic subjects. Interestingly, den-
dritic spine density on layer 3 pyramidal neurons un-
dergoes a substantial decline during adolescence in pri-
mates.>? In addition, the density of asymmetric
(presumably excitatory) synapses changes in a similar
manner in the monkey and human DLPFC.>3* These late
developmental refinements in the excitatory circuitry of
the DLPFC coincide with the age when the clinical mani-
festations of schizophrenia frequently first appear, sug-
gesting that they may contribute to the pathophysiologi-
cal characteristics of this disorder.®! However, we cannot
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determine from the present study whether the presyn-
aptic terminals to DLPFC layer 3 pyramidal neurons never
developed, were extensively pruned during adoles-
cence, or were resorbed later in life.

The functional significance of a decrease in excit-
atory inputs depends on which population(s) of axon ter-
minals is affected. Several lines of evidence suggest that the
affected inputs may be from the mediodorsal thalamic
nucleus. First, this nucleus has been reported to have fewer
neurons in schizophrenic subjects.?>! Second, spine den-
sity was preferentially decreased on pyramidal neurons in
deep layer 3 of the DLPFC. The basilar dendrites of these
neurons typically extend through deep layer 3 and layer
4, the termination zone of afferents from the mediodorsal
thalamic nucleus,?” and dendritic spines appear to be the
principal synaptic targets of thalamic projections.?®®* Fi-
nally, decreased expression of the messenger RNA for
GADyg;, the synthesizing enzyme for y-aminobutyric acid,
in the DLPFC of schizophrenic subjects®*® has been sug-
gested to represent a compensatory response to dimin-
ished excitatory thalamic drive,* since decreased activity
in thalamic inputs to sensory cortices produces a down-
regulation of GADg; expression.®>%

However, the observations of this study may not be
fully explained by a reduction in thalamic inputs to the
DLPFC. For example, thalamocortical afferents appear
to compose a small proportion (<10%) of the total ex-
citatory inputs to the targeted cortical neurons in the cat
visual cortex.” If these findings can be extrapolated to
the human DLPFC, then even a complete loss of thala-
mocortical afferents would not be sufficient to account
for the observed 16% to 23% decrease in basilar den-
dritic spine density on deep layer 3 pyramidal cells in the
schizophrenic subjects. Two other major sources of ex-
citatory inputs to deep and superficial layer 3 DLPFC py-
ramidal neurons are intrinsic axon collaterals from other
pyramidal neurons®*® and associational or callosal pro-
jections from other cortical regions.” Thus, given the
trend for spine density to also be decreased on superfi-
cial layer 3 pyramidal cells, it may be that abnormalities
in thalamocortical afferents to deep layer 3 have an ad-
ditive effect to a disturbance in cortical axon terminals
that are distributed across layer 3. However, our find-
ings do not reveal the direction of the pathophysiologi-
cal changes. For example, it is possible that the inputs
to DLPFC layer 3 pyramidal cells are reduced not be-
cause of a more primary disturbance in the source of the
inputs but because an abnormality intrinsic to these py-
ramidal cells renders them unable to support a normal
complement of excitatory inputs.

In summary, our findings provide evidence for a de-
crease in excitatory inputs to DLPFC layer 3 pyramidal
cells that may be most marked for pyramidal cells lo-
cated in the thalamic recipient zone. Given the role of
thalamic excitatory inputs in the mediation of working
memory, " these findings may contribute to the patho-
physiological basis for the disturbance of these cogni-
tive abilities in subjects with schizophrenia.
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